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OBJECT 

The  object  of  this  thesis  is  to  develop'  a 
system  of  nriultiplex  telephony,  to  transmit  with- 
out interference,  simultaneously,  several  tel- 
ephonic messa,?es  over  a  sing'le  pair  of  wires;  one 
transmitting  and  one  receiving  medium,  at  each  end 
of  the  line  for  each  circuit.  The  sources  of 
high  frequency  current  are  to  be  circuits  operat- 
ing by  virtue  of  the  characteristics  of  vacuum 
tubes. 


PAPT  I 

Previous  Investi.eations 
and 
The  General  Protlem. 

The  first  work  in  this  direction  was  done  Ly 
Major  Geo.  0.  Squier  of  the  Signal  Corps,  United 
States  Army.  A  report  of  his  work  was  given  in  the 
Proceedings  of  the  American  Institute  of  Electrical 
Engineers  of  June,  I9II,  and  later  in  several  other 
of  the  electrical  journals.  According  to  the  article 
published  in  Telephony  of  January  14,  I9II ,  the 
following  is  said  of  the  patents  issued  to  the 
Major, 

"These  patents  are  dedicated  to  the  public  use, 
and  the  invention  may  be  used  without  royalty  by  the 
government  or  any  citizen  of  the  United  States." 

When  these  investigations  were  made,  the 
limiited  methods  for  the  generation  of  undamped  high 
frecuency  current  made  further  experimental  work 
•impossible.  The  cost  of  one  transmitting  apparatus 


alone  was  almost  prohibitive,  and  therefore  noth- 
ing- more  was  done  with  the  idea  until  very  recent- 
ly. The  followine*  is  an  extract  from  the  patents 
issued  to  Major  Squier. 

"By  eoiploying-  ultra-sound  electronagnetic  wave 
freouencies  as  the  vehical  for  transmitting  tel- 
ephonic and  tele«^raphic  messag-es,  it  is  evident 
that  all  harmful  effects  to  any  element  of  the 
battery  telephone  aDparatus  are  immediatly  removed; 
since  not  only  are  such  effects  very  minute  in 
character,  by  virtue  of  the  high  period  of  oscill- 
ations, but  also,  even  if  there  were  any  effects 
in  the  telephone  receiver,  or  transmitter,  or  any 
part  of  the  apparatus,  it  could  not  be  detected  by 
a  human  being,  since  the  natural  lim^i  tat  ions  of 
the  ear  afford  a  most  sensitive  and  sure  separat- 
ion between  all  freouencies  above  15,000  to  20,000 
and  down  to  16  per  second,  which  is  the  lower  lim- 
it   of  audibility.  Therefore,  a  fundamental  prin- 
ciple of  this  system  may  be  said  to  be,  from  one 
viewpoint,  the  utilization  of  this  unalterable 


characteristics  of  the  human  ear." 

"With  such  freauencies  as  are  used  in  ordinary 
battery  telephony  the  so  called  skin-effect  is  com- 
paratively small,  and  the  current  is  fairly  well 
distributed  throus-hout  the  crosp  section  of  ^he 
conductor.  As  the  frequency  increases  the  skin  - 
effect  becomes  more  pronounced  and  the  energ-y  ap- 
pears to  be  more  and  more  transmitted  or  stored  in 
the  ether  surrounding-  the  conductor,  ^or  this  rea- 
son the  battery  telephone  current  is  largely  con- 
duction current  thru  metal,  and  the  ohmic  resist- 
ance of  the  ^"ire  is  one  of  the  principle  elements 
which  limits  long  distance  telephony  at  present, 
whereas  in  conjnercial  wireless  teleg-raphy,  in  which 
frequencies  from  100,000  to  several  million  are 
used,  the  impressed  energy  is  chiefly  radiated 
into  the  surrounding  ether." 

"In  the  in^errr.ediate  range  from  say  20,000  to 
100,000  and  above,  the  energy  is  larsrely  carried 
by  the  ether,  but  is  still  sufficiently  linked  to 
the  conductor  to  prevent  excess  radiation  into 


the  ether.  The  conductor,  while  carrying?  but  a 
siTiall  part  of  the  encrg-y  at  its  surface,  neverthe- 
less acts  as  a  sufficient  guide  for  the  high  fre- 
quency electronagnetic  waves.  In  accordance  with 
these  princioles,  use  is  niade  of  these  efficiently 
guided  ether  waves  as  a  vehical  to  carry  the 
telephonic  or  telegraphic  messages." 

Since  a  number  of  high  frequency  waves  of 
different  frequencies  may  be  impressed  on  the  same 
line,  and  since  these  mav  be  selectively  separated 
from  each  other  by  suitably  tuned  circuits,  it  ap- 
pears that  ff.ultiplex  telephony  maybe  accomplished 
in  this  manner.  It  should  be  noted  however  that 
the  entire  success  of  such  a  system  rests  upon  the 
possiblity  of  bringing  two  circuits,  one  qt  each 
end  of  a  line,  into  resonance;  that  is,  that  they 
have  the  same  freouency  of  current  oscillation. 
The  expression  for  this  freouency  is  E - 


where  L  is  the  inductance  in  berries  and  C  is  the 
capacity  in  farads.  The  equation  neglects  resist- 
ance, which  can  be  made  very  small  in  an  actual 


circuit.  The  line  circuit  however  does  contain  con- 
siderable resistance,  and  therefore  the  equation 

K  = \j — i—  -  — tL-   applies.  In  which  case  R 

is  the  effective  resistance. 

This  brings  up  the  question  of  critical  resist- 
ance. If  E  is  equal  to  2\l-^     the  equation  shows 

If  C 
that  the  circuit  will  be  just  oscillatory;  if 

greater  than  this  value  the  discharge  of  the  con- 
denser will  not  be  oscillatory,  but  if  less,  the 
circuit  will  function  as  desired.  Therefore  if  the 
success  of  this  system  imposes  the  necessary  con- 
dition that  the  line  circuit  oscillate,  then  the 
limitations  are  inar.ediatly  apparent,  for  the  line 
resistance  B  is  constant  and  hence  circuits  of  such 
frequency  that  E>'2u-:t —  cannot  be  employed. 
To  a  certain  extent  a  circuit  not  in  resonance  with 
another  may  be  forced  if  there  is  sufficient  en- 
ergy present,  but  beyond  this  limited  deviation  no 
oscillations  persist. 

A  tynical  circuit  used  by  iiajor  Souier  is 
shown  in  Pig.  I.  The  high  freauency  apparatus  is 
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brid,£>ed  directly  across  the  line  of  a  local  battery 
telephone  circuit.  The  local  circuit  consists  of  a 
transfliitter  in  series  with  a  battery  and  primary  of 
a  telephone  induction  coil.  The  receiver  is  in 
series  with  the  secondary  of  the  coil  and  the  line. 
Across  the  line  is  bridged  a  lOOO-ohm  rin^^er  and 
hand  generator. 

A  high  frequency  inductor  type  alternator  G  is 
used  to  supply  the  high  freauency  currens  which  is 
led  thru  the  transmitter  T.  In  this  manner  the  am- 
plitude of  the  wave  is  changed,  due  to  the  varying 
resistance  of  the  transmitter  under  the  action  of 
sound  waves.  The  variable  condenser  G^  and  induct- 
ances L  and  L^  determine  the  constants  of  the  pri- 
mary oscUlatino-  circuit.  The  cap-icity  and  induct- 
ance is  ffade  such  that  the  circuit  has  a  natural 
period  equal  to  the  frequency  of  the  alternating 
currtint  generated  by  the  machine.  I'he  line  is  also 
made  to  oscillate  with  this  frequency  by  adjusting 
the  condensers  C.  The  inductance  L  is  added  to  the 
natural  inductance  of  the  line  and  also 
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serves  to  couple  the  line  to  the  transmitting  and 
receiving  oscillating  circuits. 

At  the  receiver  end  a  similiar  coupling  is 
made  to  a  circuit  very  similiar  to  those  commonly 
used  in  wireless  telegraphy.  The  freouency  to 
which  the  receiver  circuit  will  respond  is  deter- 
mined by  the  values  of  C  and  i'  and  Lj  added  to- 
gether. The  receivers  are  bridged  around  a  crystal 

detector  Dj ,  which  in  turn  is  bridged  thru  a 
fixed  condenser  Cj  to  the  oscillatory  circuit. 
The  detector  D  has  only  unilateral  conductivity, 
hence  for  every  change  in  the  ma?rnitude  of  the 
high  freouency  wave  the  condenser  Gj  receives  a 
charp-e,  and  immediatlv  upon  a  second  variation  , 
discharges  into  the  receivers. 

The  condensers  C  are  of  radio  dimensions, 
that  is,  an  alternating  current  cannot  pass  thru 
them  unless  it  has  a  frequency  above  the  audible 
limit  of  about  20,000  cycles  per  second.  Therefore 
it  is  evident  that  speech  frequency  cannot  enter 
the  radio  freouency  circuit,  and  since  the  radio 


frequency  is  beyond  the  audible  limit,  the  two  cir- 
CTiits  shown  inay  function  without  interference. 

The  modulation  of  a  hi,P"h  frecuenoy  current  is 
accomplished  by  varying  the  amplitude  of  the  wave 
but  not  its  frequency.  ■'?i?T.2  serves  to  illustrate 
the  idea.  The  upper  figure  represents  the  oscil- 
logram of  a  voice  current  in  an  ordinary  telephone 
circuit,  i^uch  a  current  has  a  frequency  of  from  500 
to  2,000  cycles  per  second.  The  difference  in  mag- 
nitude of  the  succeeding  waves  is  due  to  the  vary- 
ing resist-^nce  of  the  transmitter  under  the  action 
of  sound  ^aves.  The  middle  figure  sho^^s  a  high  fre- 
quency current  of  constant  amplitude  and  having 
above  20,000  cycles  per  second.  The  lower  figure 
represents  the  audio  frequency  superposed  upon  the 
radio  or  high  freouency.  It  is  seen  that  the  fre- 
quency is  not  changed,  but  merely  the  amplitudes. 

In  the  experiment  as  here  described,  the  alt- 
ernator was  run  a^  such  a  speed  as  would  produce 
current  at  a  frequency  of  100,000  cycles  per  second. 
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'i'he  inductances  and  capaciHes  were  those  ordina- 
rily employed  in  radio  work.  Using  the  circuit 
shown  in  iifr,.   I,  the  inventor  claims  that  absolutely 
no  interference  was  noticeable  and  that  two  con  - 
versations  were  carried  on  simultaneously. 

The  purpose  of  our  work  is  to  repeat  these  re- 
sults, and  to  develoD  a  combination  receivinj^  and 
transmitting  circuit,  which  m.ay  then  be  duplicated 
at  various  frequencies  to  accomplish  m.ultiplex  tel- 
ephony. High  frequency  is  to  be  generated  by  means 
of  electron  tubes,  and  the  receiving  circuit  is  also 
to  function  by  virtue  of  the  characteristics  of 
this  apparatus. 

In  its  I9I8  report  to  the  stockholders,  the 
American  Teleo^r^ph  and  Telephone  Company  announced 
the  success  of  a  multiplex  system  in  which  five  con- 
versations are  carried  on  simultaneously.  The 
details  of  this  system  and  the  circuits  used  are 
entirely  unknown  to  us  at  the  time  of  this  experiment- 
al investigation. 


II 


To  beg-in  the  dipcussion  of  our  work  we  will 
g-ive  an  outline  of  the  operation  and  characteris- 
tics of  the  electron  or  vacuum  tube,  which  has  rev. 
olutionized  all  systems  for  the  transmission  of  in- 
tellis'ence. 
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PART  2 
Thermionic  Conduction 

'^he  conduction  of  electricity  bet??er.n  two 
electrodes  Hiaintained  at  a  difference  of  potential 
is  the  Tirmediate  result  of  the  flow,  or  passa,^e, 
of  free  electrons  within  the  conducting  medium.  In 
the  structure  of  ponderable  matter,  electrons  are 
always  associated  with  nuclei,  and  together  they 
form  the' normal  ultimate  division  of  matter  -  the 
unchar^^-ed  atom,  ''/hen  a  normal  atom  is  separated  from 
an  electron,  ionization  is  said  to  have  occured, 
and  the  resultant  or  remaining  atom  has  positive 
characteristics. 

Iv^r.  t>/^ills ,  of  the  Western  Electric  Company, 
defines  a  vacuum  as,  "  A  space  free  from  dislodged 
molecular  or  atomic  maf^ses."  If  this  be  accepted, 
then  a  vacuum  adm.its  of  the  presence  of  electrons, 
since  electrons  are  the  dissociated  ions  of  an 
atom.  From  this  we  may  say  that  gases  and  vapofs 

are  conducting  only  by  the  action  of  an  ionizing 
agent  or  by  being  supplied  m th  electrons  at  the 
cathode. 
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or  ions  at  the  anode.  Ionization  is  possitle  under 
a  number  of  conditions,  but  the  method  in  which  we 
are  interes-ted  is  ionization  by  incandescent  sub- 
stances. By  this  method  the  free  electrons  in  a  met- 
al are  made  available. 

Conduction  thru  a  vacuum  can  only  occur  thru 
the  presence  of  electrons  and  their  flow  from  cath- 
ode to  anode.  Since  the  electrodes  must  be  physic- 
ally sealed  in  the  walls  of  the  vacuous  space,  a 
necessary  condition  is  that  the  electrons  must  be 
emjnitted  from  the  cathode  itself.  The  metal  cathode 
may  be  made  to  emit  electrons  by  incandescence,  and 
conduction  started  as  soon  as  a  difference  of  pot- 
ential is  applied.  Should  there  be  an  appreciable 
amount  of  ?as  in  the  otherwise  vacuous  space,  the 
electrons  emitted  from  the  heated  cathode  strike 
the  atoms  of  the  gas  and  liberate  other  electrons. 
This  is  called  ionization  by  collision.  In  the  tubes 
made  by  the  IVestern  Electric  Company  the  residual 
fras  is  so  small  in  nuantity  that  ionization  by  coll- 
ision may  be  disregarded,  and  conduction  considered 
due  only  to  the  electrons  emitted  by  the  heated 
cathode. 
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Vacuum  Tubes 

In  this  investigation  two  types  of  tubes  were 
used,  both  of  which  are  made  by  the  'Vestern  Electric 
Company  for  use  in  the  radio  work  of  the  Signal 
Corps.  They  were  designated  \}j   that  organization  as 
the  VT-I  and  the  VT-2.  The  VT-2  is  intended  for  use 
as  a  generator  of  high  frequency  oscillations,  and 
the  VT-I  as  a  receiver.  However,  these  tubes  will 
function  very  well  for  either  purpose. 

'''he  construction  is  shown  by  the  sketches  of 
Fig.  3.  "Both  tubes  have  three  elements;  the  filament, 
grid,  and  plate.  The  filament,  in  the  center  of  the 
inside  structure,  constitutes  the  cathode  and  term- 
inates on  two  of  the  connecting  pins  in  the  base. 
The  anode  consists  of  two  metal  plates  mounted  by 
supporting  wires,  one  plate  on  each  side  of  the  fil- 
ament. The  third  element  is  the  so  called  grid.  It 
is  a  wire  framework  across  the  sides  of  which  are 
stretched  fine  wires,  the  whole  completely  enclos- 
ing the  filament. 
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In  this  way  each  side  of  the  ?rid  is  between 
the  filament  and  one  of  the  plates,  i  vertical 
g-lass  rod  supplies  the  lateral  support  for  the 
structure.  The  VT-I  has  a  similiar  inside  construct- 
ion, and  therefore  only  the  shape  of  the  bulb  and 
base  has  been  illustrated.  The  plates  are  cut  or 
punched  from  sheet  steel.  The  filament  is  of  twist- 
ed platinum  strip  coated  with  a  thermionically  act- 
ive compound,  '^he  grid  is  often  made  of  punched 
sheet  steel  also,  otherwise  the  cross  wires  are  of 
tun>^ston.  The  base  consists  of  a  metal  shell  with  a 
phenol-fibre  diaphram  at  the  bottom  carrying  the  conn- 
ecting- studs.  The  entire  interior  of  the  base  is 
filled  with  insulating  wax. 

In  conduction  thru  gaseous  media,  current  does 
not  flow  according  to  Ohm's  Law.  A.  series  of  tests 
u^on  these  tubes  was  performed  in  order  to  determine 
the  characteristics;  that  is,  the  effect  upon  con- 
duction of  a  change  in  heating  of  the  filament,  a 
change  in  potential  of  the  anode  or  plate,  and  the 
results  obtained  by  putting  upon  the  grid,  charges 
of  both  positive  and  negative  polarity  of  different 
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ina^nituries . 

These  tubes  were  irade  to  meet  the  specifica- 
tions laid  down  by  the  i^ig-nal  Oorps ;  and  therefore 

with  a  «^iven  set  of  data  for  the  three  elements  of 
the  tube,  certain  results  should  be  expected. 

'^he  normal  filament  cun-ent  of  the  VT-I  is 
I.I  amperes.  I'he  plate  potential  is  between  25  and 
30  volts.  The  avera^re  tube  has  an  amplification  of 
200  and  an  averas'e  life  of  500  hours. 

The  normal  filament  current  of  the  VT_2  is 
1.36  amperes  at  7  volts,  '•'■'he  plate  voltage  is  be- 
tween 250  and  300  volts,  and  the  high  frequency 
output  to  be  expected  is  from  3  to  5  wat^s.  '*'he 
latter  figure  is  low,  10  watts  havini^  often  been 
drawn  without  heating  the  plates  red. 

Vacuum  tubes  are  also  tnown  by  their  ampli- 
fication constant  u.  "It  is  the  ra*-io  of  that  chan.^fe 
in  plate  voltao'e  which  produces  a  c^iven  chancre  in 
plate  current  to  the  change  in  grid  voltaee  to 
produce  tht  same  change  in  plate  current. 
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The  circuit  used  for  making  these  tests  is 
shown  in  Fie^.  5,  and  the  instruments  used  are  as 
follows , 

A J  ,  0-1500  milliaimneter,  Weston  No.  2338 

A9  ,  0-50,  0-500  ffiilliammeter ,  Keystone 
"^      Ko.  18245. 

7t  ,  0-15,  0-150  voltmeter,  ;Veston  No.  4405 
or  0-300,  0-750  voltmeter,  ^'/eston 
No.  4607. 

Vcp  ,  0-15,  0-150  voltmeter,  '.Veston  No.  4337 

R  is  a  current  rheostat,  and  PR  is  a  potential 
rheostat.  A  reversing  switch  was  included  in  order 
to  reverse  the  polarity  of  the  grid  potential. 

The  VT-I  tube  was  tested  first  and  the  data 
obtained  are  tabulated  herewith.  The  values  show 
up  clearly  what  has  taken  place  when  plotted  as 
shown  in  fig's.  6,7  and  8.  In  Fi^.  6  we  have  the 
plate  current  plotted  against  the  plate  voltage  for 
three  values  of  filament  current.  The  departure  from 
Ohm's  Law  is  evident,  and  it  is  also  seen  that  the 
curve  showing  the  relations  of  these  variables  is 
lareely  dependent  upon  the  number  of  electrons  pres- 
ent in  the  vacuum;  since  the  latter  is  dependent 
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upon  the  heating  of  the  filacent  and  hence  u^on  the 
filament  current.  The  excellent  construction  of  the 
tuLe  is  evidenced  by  the  curve  for  a  filament  cur- 
rent of  I.I  amperes,  the  specif iec  value.  In  this 
case  the  relation  closely  approaches  a  straight 
line. 

In  fifr.7  the  plate  voltage  was  held  constant 
and  the  filan;ent  current  was  cade  the  independent 
variable.  For  a  plate  voltage  of  30,  saturation  is 
well  established  at  a  filament  current  of  I.I  amp- 
eres, and  a  sli^^ht  change  in  this  v^lue  does  not 
seriously  effect  the  results  expected.  While,  with 
a  plate  volta?e  of  60  the  plate  current  curve  is  at 
?-n  unstable  point  and  poor  results  are  obtained. 
Both  Fio-.  6  and  7  orive  illustrations  of  the  sat- 
uration phenomenon. 

The  most  im.portant  characteristic  of  the  tube 
is  shown  in  ?ig.8,  for  here  is  illustrated  the  amp- 
lifying feature.  Two  conditions  are  set  up,  one  for 
the  specified  values  of  the  tube,  and  the  other  with 
other  values,  '^/ith  the  ^grid  at  zero  potential,  a 
plate  current  of  2.8   milliamperes  is  found  to  flow, 
when  the  filament  current  was  I.I 
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amperes  and  the  plate  voltage  30.  If  now  the  grid 
potential  is  increased  negatively,  a  point  is 
reached  where  the  plate  current  is  entirely  arr- 
ested. In  other  words,  the  grid  now  has  a  suffic- 
ient negative  charge  to  repell  all  of  the  elect- 
rons emitted  by  the  filament  and  hence  none  is 
present  between  grid  and  plate  and  therefore  no 
current  can  flow. 

The  amplification  constant  for  this  tube  may 
be  obtained  from  the  curve.  To  produce  a  change  of 
3  miilliamperes  the  change  in  plate  voltage  is  from 
62  to  92,  or  30  volts.  To  produce  the  same  change 
by  grid  potential  requires  a  change  from  i  volt  to 
5.2  volts,  a  change  of  4.7  volts.  Then  u  =  30/4.7 
=  6.4.  The  power  amplification  must  of  course  in- 
clude the  current  relations,  and  since  the  grid 
current  is  very  small,  this  constant  approaches 
200. 

In  Fig. 9  we  show  similiar  curves  to  the  above 
for  the  VT_2,  and  again  the  specified  values  set 
down  by  the  designers  give  the  best  working  curve, 
which  approaches  a  straight  line. 
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The  point  on  the  ciir7e  at  which  the  tube  is 
vised  depcnts  upon  what  perforniance  is  desired. 
Beferrin?  to  the  VT_2  ^rid  voltasre -plate  current 
cirve.  If  r)oint  A  of  the  curve  is  used,  that  is, 
a  grid  potential  of  -40  volts,  a  decrease  negative- 
ly of  this  voltage  causes  a  greater  change  in  plate 
current  than  does  an  increase.  Hence,  if  the  tube 
is  used  as  a  detector  of  radio  frequencv  oscilla- 
tions, and  the  grid  potential  is  at  A,  the  rise 
and  fall  o^  the  incoming  oscillations  produces  a 
sirr.il iar  rise  and  fall  in  the  rlate  current;  but 
the  amplitudes  of  the  increase  i^ill  be  g-reater  than 
the  arr.plitudes  of  the  decrease.  Therefore  a  result- 
ant pulsating  uni-directional  current  flows  in  the 
plate  circuit  and  charges  a  receiver  condenser  , 
which  then  discharges  into  the  receivers  once  for 
each  group  of  received  oscillations. 

If  the  tube  is  used  in  the  res"ion  of  point  B, 
there  is  no  difference  in  the  changes  of  plate 
current  for  an  eaual  decrease  or  increase  of  grid 
potential.  Therefore  we  may  use  the  tube  at  this 
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point  as  a  repeater  or  relay.  Amplification  is  here 
also  obtained,  for  a  fractional  amount  of  energy 
impressed  upon  the  .^id  circuit  causes  a  lar^e  var- 
iation of  energy  in  the  plate  circuit.  This  relay- 
ing action  is  possible  both  at  audio  and  radio  fre- 
ouencies . 
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Generator  Circuits 

Ho^"  such  a  tube  may  be  used  in  a  generative 
circuit  will  now  be  tal<-cn  up.  Pis".  10  shows  a  tube 
circuit  in  which  a  source  of  alternating  current 
makes  the  grid  positive  and  negative,  'i'he  plate 
current  will  follow  the  sine  variation,  but  never 
reverses  in  polarity;  from  S  of  transformer  T,  a 
real  alternating-  current  may  be  drawn.  The  t-nergy 
at  S  comes  from  battery  B,  while  that  used  in  the 
?rid  circuit  conies  from  the  alternator.  If  part  of 
the  energy  at  S  could  be  turned  back  into  the  ?rid 
circuit  and  could  be  thus  employed  to  do  the  excit- 
ing, it  is  evident  the  system  would  be  self  excit- 
ed and  would  constitute  an  oscillating  circuit.  It 
is  necessary  that  the  energy  turned  back  for  excit- 
ing purposes  have  the  correct  amplitude  and  phase 
relation  with  regard  to  the  plate  current.  The  fre- 
quency depends  UDon  the  value  of  the  inductance 
and  capacity  of  the  circuit.  Fig.  II  shows  such  an 
oscillatory  circuit. 
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The  indijctances  L  and  Lt  form  the  coupling  be- 
tween the  Dlate  and  ?rid  circuits,  by  means  of 
which  part  of  the  energy  is  transfered  back  to  the 
gridas  excitation  energy.  The  frequency  of  the  un- 
damped oscillations  persisting  in  circuit  0 ,L  is 
determined  by  the  values  of  capacity  G  and  induct- 
ance L  according  to  the  eouation  N  = ., 

cycles  T^QT  second.  The  resistance  H  may  be  used 
to  control  the  amplitude  of  the  oscillatior.s  and 
to  determine  ^he  rate  at  which  the  oscillations 
build  up  or  die  down.  L'  is  the  coupled  inductance 
from  which  energy  may  be  drawn  to  an  external  cir- 
cuit for  use. 

The  action  of  this  self-excited  generator 

system;  is  illustrated  in  fi?.  12.  The  curve  is 

that  of  one  of  the  YT-2  tubes  used  in  this  work. 

Below  the  curve  is  the  e.mi.f.  -  time  curve  for  the 

increasing  grid  voltage,  and  on  the  ri^-ht-hand  side 

is  shown  the  current-time  curve.  The  dotted  line 

is  the  average  value  of  the  current.  It  is  now 

evident  why  the  oscillating  plate  current  reaches 

a  maximum  for  the  continuous  oscillations.  High 
frequency  currents 
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generated  in  this  manner  are  not  pure  sinusoids 
but  contain  higher  harmonics. 
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PART  3 

From  the  discussion  given  on  the  operation  of 
vacT3um  tubes  as  high  frecuency  generators,  receiv- 
ers and  amplifiers,  it  seems  very  nrohable  that 
they  may  be  used  in  these  capacities  in  the  devel- 
opement  of  a  system  of  multiplex  telephony. 

The  first  problem  is  to  determine  to  what  ex- 
tent speech  frequency  may  be  transmitted  and  receiv- 
ed thru  these  tubes  without  distortion,  and  to  what 
degree,  in  a  qualitative  way,  waves  of  this  fre  - 
quency  are  amplified. 

i^'or  the  purpose  of  testing  out  and  experiment- 
ing UDon  such  circuits  as  would  be  developed  in  this 
inves titration,  a  line  of  twisted  pair  No.  20  gauge 
wire  was  strung  from  the  small  Physics  laboratory 
at  the  north  end  of  the  main  building  of  Armour 
institute  to  the  room  adjoining  the  instrument  room 
at  the  south  end  of  the  building.  A  double  pole  doub- 
le  throw  switch  was  connected  at  each  end  of  the 
line,  in  order  to  throw  either  a  local  battery  tel- 
ephone circuit  or  a  high  frequency  circuit  on  the 
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line. 

The  ordinary  telephone  circuit  was  used  to 
talk  over  when  making  changes  and  adjustments  on 
the  circuits  under  test. 

Bepeater  Circuits 
The  first  attempt  at  the  use  of  vacuum  tubes 
in  wire  telephony  was  for  the  purpose  of  relays  of 
speech  currents;  and  to  this  end  we  developed  the 
circuit  sho^-m  in  fig. 13.  The  transmitting  circuit 
is  shoTvn  at  the  left  usinp'  a  VT_2  tube;  and  the 
recei'^er  circuit  at  the  right  using  a  VT_1 .  4 
telephone  transmitter  T  was  connected  in  series 
with  the  primary  of  a  telephone  induction  coil  Lj ; 
the  secondary  of  this  coil  Lp  being  in  the  grid 
circuit  and  balanced  by  the  2mf  condenser  Gj.  The 
grid  was  kept  at  a  potential  of  plus  10  volts.  In 
this  manner  the  grid  potential  is  varied  by  the 
change  in  potential  at  the  terminals  of  the  second- 
ary of  the  induction  coil,  which  is  due  to  the 
change  in  priffiary  current  resulting  from  the  action 
of  the  transmitter. 
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The  plate  circuit  consists  of  a  2mf  condenser  Co  and 
the  primary  of  a  telephone  induction  coil  L^.   I'he 
secondary,  i^.,  of  this  coil  is  in  the  line  as  shown. 
From  what  has  been  said,  it  is  evident  that  speech 
currents  in  circuit  T,L];,  Bj  are  repeated  in  an  amp- 
lified condition  in  the  line. 

"^he  receiving"  end  of  the  line  contains  the  pri- 
mary of  an  induction  coil  L3  and  a  2mf  condenser, 
which,  added  to  the  line  condensance  balances  roug-h- 
ly  the  line,  '"he  grid  circuit  of  the  VT-I  tube  is 
coupled  to  the  line  thru  the  secondary  of  the  induc- 
tion coil  L^  and  is  balanced  by  condenser  Cj .  "^he 
receiver  plate  circuit  contains  only  a  receiver  in 
addition  to  the  30  volt  battery  supplying"  potential 
to  the  plate. 

The  tubes  were  operated  with  normal  operating 
values  and  under  the  conditions  outlined  above.  Or- 
dinary speech  was  amplified  to  such  an  extent  that 
the  words  could  be  heard  and  understood  at  a  dis- 
tance of  three  feet  from  the  telephone  receiver. 
Furthermore,  speech  was  found  to  be  very  much  more 
clear  and  free  from  distortion  than  that  received 
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by  means  of  the  local  battery  telephone. 

High-i?'requency  Circuit 

Haviner  thus  proved  that  a  vacuum  tube  can  am- 
plify and  repeat  telephonic  currents,  functioning 
either  as  a  transmitter  or  as  a  receiver,  not  only 
without  distortion,  but  with  increased  clearness; 
the  next  step  undertaken  was  the  design  of  a  high- 
frequency  circuit.  The  first  success  was  obtained 
with  the  arrangement  shown  in  J?'ig.  14. 

Here  the  local  battery  telephone  circuit  was 
permitted  to  be  permanently  connected  to  the  line 
as  well  as  the  hieh  freauency  circuit,  'fhe  trans- 
mitter circuit  consisted  of  a  vacuum  tube  generat- 
or upon  whose  high  frequency  output  was  superposed 
variations  at  voice  frequency.  The  frequency  of 
this  generator  system  is  determined  by  the  values 
of  0  and  L.  The  condenser  C  is  variable  and  of  radio 

frequency  dimensions,  that  is,  a  capacity  varying 
from  .00005  to  .00096  microfarads.  The  inductance 
eoil  L  is  made  up  of  a  circular  coil  of  rectangular 
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cross  section  as  shown  in  J^'ig.  15.  The  coil  has  40 
turns  of  Wo.  20  double  silk  covered  wire,  and  a 
measured  inductance  of  .575  millihenries.  The  grid 
circuit  is  coupled  to  the  plate  circuit  by  the  coil 
1-2.  Condenser  Cj  permits  the  hie-h  frequency  oscilla- 
tions to  pass  around  the  telephone  induction  coil 
L^.  The  line  is  coupled  to  the  oscillating  circuit 
by  means  of  Lj .  The  grid  potential  of  300  volts  was 
obtained  from  storage  batteries. 

The  frequency  of  the  receiver  circuit  is  also 
determined  by  C  and  L;  L  being  coupled  to  Lj  of  the 
line.  The  tube  operates  as  has  already  been  explain- 
ed for  tubes  in  a  receiver  circuit.  The  plate  pot- 
ential of  30  volts  was  obtained  from  15  cells  of 
flashlight  battery  connected  in  series. 

The  oscillating  circuits  of  the  receiver  and 
transmitter  are  adjusted  to  oscillate  at  the  same 
frequency.  The  line  is  then  adjusted  by  means  of  the 
variable  condenser  to  approach  this  frequency  also. 
It  is  easy  to  know  when  the  two  circuits  have  the 
same  constants,  for  if  they  oscillate  at  different 
freouencies,  a  beat  tone  will  be  heard  which  has  a 
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freouency  equal  to  the  differnce  "between  the  two  cir- 
cuit frequencies.  This  differnce  iriay  he  teyond  aud- 
ibility and  to  be  sure  that  such  a  condition  does  not 
exist,  the  condensers  should  be  varied  until  a  note 
is  heard,  and  then  further  adjusted  until  the  note 
disappears  at  the  lower  lia.it.  '»"hen  this  point  is 
found  it  is  possible  to  bring  in  a  low  pitched  sound 
if  the  moveable  plates  of  the  condenser  are  turned 
slig*htly  to  either  side.  The  receivers  used  were  of 
the  hio-h  resistance  type  cominonly  employed  in  wire- 
less telegraphy. 

With  this  circuit  a  two-way  conversation  v/as 
held  over  the  local  battery  circuit,  and  a  one-way 
conversation  over  the  high  frequency  apparatus.  Ab- 
solutely no  interference  or  distortion  was  detected 
after  the  beat  note  had  been  tuned  out.  The  words 
received  over  the  oscillatory  circuit  were  clear  and 
distinct  and  as  strong  as  ordinarily  produced  by  a 
common  battery  telephone.  'I^he  frequency  of  the  os- 
cillatory circuit  was  100,000  cycles  per  second,  as 
measured  by  a  wavemeter  of  the  ordinary  radio 
type. 
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In  Pig.  16  we  show  how  this  measurenient  is 
made.  A  wavemeter  consists  of  nothing-  more  than  a 
fixed  known  inductance  and  a  variable  condenser. 
Fastened  to  the  turning'  head  of  the  condenser  is  a 
pointer  which  indicates  upon  a  circular  scale  the 
waveleng"th  of  the  oscillation  for  which  the  induct- 
ance and  setting-  of  the  condenser  are  two  of  the 
constants.  To  measure  the  natural  frequenc'-  of  the 
circuit  C,L,  the  circuit  is  excited  by  a  buzzer  so 
that  with  each  n;ake  and  break  a  train  of  oscillations 

are  set  up.  If  now,  the  coil  of  the  wavemeter 
is   brought  up  near  to  L  and  the  meter  condenser  ad- 
justed until  the  loudest  sound  is  heard  in  the  head 
telephone,  the  point  of  resonance  of  the  two  cir- 
cuits is  indicated  and  the  reading  of  the  meter  con- 
denser shows  the  wavelength  of  the  oscillations  in 
C,L.  The  frequency  may  then  be  calculated  fron.  the 
equation   V  =  f  A  ..In  which  V  is  the  velocity  of 
light  and  the  highest  velocity  attainable  by  an  el- 
ectric current,  300,000,000  m.eters  per  second.  The 
wave  length  is  read  on  the  condenser  and  f  solved 
for  in  cycles  per  second. 
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Combination  Multiplex  Circnit 

Since  the  VT-2  "'nbe  will  function  as  a  receiv- 
er as  well  as  a  transmitter  it  seemed  possible  that 
the  tuned  circuit  of  the  transmitter  could  also  be 
used  as  the  selective  circuit  of  the  receiver.  After 
a  number  of  schemes  were  tried  out  with  various  re- 
sults, the  circuit  shown  in  -tig.  17  was  devised. 

It  is  a  com.bination  receiving  and  transmitting 
circuit  using  only  one  tuned  circuit,  L,C.  One  of 
the  features  of  this  arrangement  is  the  series  conn^c- 

1tion  of  the  inductance  L  and  condenser  C,  the  cir- 
cuit being  completed  thru  the  plate  and  filament. 
Another  is  the  plate  pressure  connection.  On  other 
circuits  the  300  volt  supply  was  in  series  with  the 
oscillating  circuit,  but  here  it  is  bridged  thru 
iron  core  reactances.  The  success  of  this  arrange- 
ment malres  possible  the  use  of  one  source  of  ^ten- 

tial  for  a  large  num,ber  of  circuits,  since  the 
high  freouency  cannot  pass  thru  the  impedance.  The 
idea  of  bridging  a  potential  in  this  manner  was  first 
used  by  Colpitts,  of  the  Western  Electric  Com.pany, 
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in  an  oscillatinp-  circuit  for  wirele??  telepbony. 

"^he  secondary  of  the  transirittiner  induction 
coil  is  fed  into  the  ^rid  circuit  as  in  the  other 
circuits  already  discussed,  while  the  receiver  is 
tapped  into  the  plate  circuit  in  a  siniiliar  iranner. 
The  secondary  of  the  receiver  induction  coil  is 
balanced  by  a  2mf  condenser  in  series  as  shown. 
The  plate  circuit  of  the  VT-I  contains  only  the 
hierh  resistance  telephone  receiver  and  a  30  volt 
battery. 

When  a  balance  of  frequencies  was  obtained 
with  this  circuit  a  two-way  conversation  was  held 
without  interference  with  the  local  battery  cir- 
cuit. No  distortion  was  noticeable. 

It  Hiust  be  remembered  that  while  the  circuit 
C,L  v/as  absorbing  the  modulated  '^is'h  frequency 
ener?y  from  the  line,  that  circuit  itself  was 
oscillating'  by  virtue  of  the  valve  action  of  its 
own  VT-2  tube.  Now,  if  the  incomin?  modulated 
wave  is  of  the  same  frequency  as  that  being  con- 
tinuously j^enerated,  the  two  will  combine  in  a  man- 
ner determined  by  the  phase  relation  of  the  waves. 
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if  the  phase  relation  were  180  the  incoming  wave 
would  either  be  entirely  nullified  or  else  severe 
distortion  would  probably  result,  weither  of  these 
objectionable  conditions  were  encountered  except  in 
the  case  of  certain  changes  in  freauency  of  one  of 
the  circuits.  Evidently  then  there  must  have  exist- 
ed a  kind  of  pulling  into  phase  of  one  circuit  by 
the  other,  similiar  in  general  to  the  pulling  into 
phase  of  two  alternators  when  running  in  parallel. 

The  chief  criticise  of  this  arrangement  lay  in 
the  fact  that,  while  the  received  words  were  dis- 
tinct and  clear,  they  were  not  loud  enough.  This 
ir.ay  have  been  due  to  the  use  of  old  and  inferior 
telephone  transmitters,  or  to  the  VT-I  circuit.  The 
receiver  used  was  of  the  radio  high  resistance 
type. 

An  attempt  was  now  made  to  devise  a  circuit 
similiar  to  Fig.  17,  but  using  standard  coirmion  battery 

desk  telephone  equipement.  It  was  also  desired 
to  increase  the  loudness  of  the  received  message. 

The  result  in  this  direction  is  shown  in  ?ig. 
18.  The  transmitter  is  of  the  reCTilar  coQimon 
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battery  desk  stand  type,  as  is  also  the  receiver. 
The  change  nade  in  the  circuit  is  in  connecting  the 
2nif  condenser,  formerly  in  series  in  the  grid  cir- 
cuit of  the  VT_I ,  in  parallel  with  the  secondary  of 
the  receiving  induction  coil.  The  induction  coil  and 
2ir,f  condenser  in  the  signal  case  were  used  in  the 
transmitter  circuit.  The  transnatter  was  given  its 
nornial  operating  current  of  100  to  150  milliamperes. 
The  inductance  coils  had  80  instead  of  40  turns. 

This  circuit  when  tried  out  on  the  experimental 
line,  with  the  local  battery  instruments  connected 
in,  showed  better  results  than  any  of  those  preced- 
ing. As  before  mentioned,  the  receiver  was  of  low 
resistance,  and  therefore  did  not  approach  the  radio 
receivers  in  sensitiveness,  ^et,  speech  was  remiark- 
ably  clear  and  distinct,  and  sufficiently  loud. 

To  further  test  this  circuit,  a  Leeds  and 
Worthrup  32  mile  artificial  cable  was  connected  into 
the  line.  The  circuits  were  tried  in  this  way  with- 
out any  adjustment  of  the  line  condensers,  and  as 
would  be  expected,  distortion  was  quite  pronounced. 
An  adjustment  of  the  line  capacity  however,  cleared 
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and  balanced  the  circuit  and  conversation  was  a^ain 
possible  with  the  same  results  obtained  with  the 
short  laboratory  line.  The  frequency  employed  was 
125,000  cycles  per  second,  small  capacity  beins"  used 
in  the  oscillatin.o-  circuit. 

The  detail  of  chancres  in  connections  in  the 
pedestal  and  sig-nal  case  of  the  common  battery 
instrument  is  shown  in  fig".  19.  The  result  is  that 
the  receiver  is  connected  to  two  strands  of  a  four 
conductor  cord,  and  the  transmitter  also  to  two 
strands  thru  a  contact  of  the  switch  in  order  to 
cut  off  the  transmitter  battery  when  not  inuse.  The 
sis-nal  case  recuired  only  a  jumper  to  connect  one 
of  the  secondary  sides  of  the  coil  to  one  side  of 
the  condenser.  The  marking's  are  intended  for  use 
in  commiOn  battery  telephone  work,  and  have  no 
significance  here. 
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Four  circuits,  as  shown  in  fi.fr.l8,  were  now  con- 
nected to  the  line  in  order  to  "build  up  a  three- 
circuit  multiplex  system.  'T'he  general  arrangement 
was  as  shown  in  fi,?.  21.  In  two  of  these  circuits 
80  turn  coils  were  used  mth   full  condenser  capacity, 
in  the  other  two,  40  turn  coils  with  the  condensers 
set  at  their  lowest  reading*.  This  gave  th6  maximum 
difference  in  freauency  between  the  two  complete 
circuits.  The  set  of  lower  frequency  was  first 
ad;^usted  and  tuned  for  the  "best  transmission  and 
reception  of  speech.  Then  the  set  of  hi.^-her  frequency 
was  adjusted  for  best  results.  The  two  complete 
oscillating-  sets  were  then  closed  doiw.  on  the  line 
together.  The  first  effect  was  to  unbalance  the  set- 
ting so  that  distortion  was  very  pronounced  in 
both,  and  also  to  bring  in  beat  tones  which  were  not 
present  before  in  the  separate  sets. 

It  was  found  that  the  circuits  had  become  very 
sensitive  to  condenser  adjustment,  a  slight  change 
brought  in  beat  tones  from  the  lowest  to  the  highest 
pitch.  Permitting  the  two  to  be  connected  together 
in  this  manner,  we  proceeded  to  retune  each 


38 


circuit  for  the  best  transmission  and  to  eliminate 
the  beat  tones.  This  was  accomplished,  and  the  sets 
operated  in  this  n-anner  as  well  as  alone. 

To  test  and  adjust  for  interference  between 
the  two  sets  was  thenext  step.  The  first  trial  with 
the  last  adjustments  showed  cross-talk  between  the 
two,  so  we  proceeded  to  tune  one  set  out  of  the 
other;  at  the  same  time  preserving  the  Quality  of 
transmission  already  gained.  After  extended  trials 
of  adjustment  and  measurements  of  freouency,  it 
was  found  impossible  to  entirely  eliminate  cross- 
talk, although  it  was  reduced  to  a  degree  compar- 
able with  the  cable  induction  often  experienced  in 
the  ordinary  systems  of  telephony. 

To  further  eliminate  this  interference  the 
coils  of  the  oscillating  circuits  were  enclosed  in 
sheet  ff,etal  cans.  The  result  of  this  proved  that 
part  of  the  cross-talk  cam.e  from  radio  transmission 
and  reception  thru  the  air;  for  interference  was 
cut  down  to  about  half  of  its  last  value.  Continued 
effort  on  this  circuit  seemed  to  indicate  that  an 
adjustment  fine  enough  for  this  work  could  not  be 
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obtained.  Our  efforts  were  dot?  turned  toward  devis- 
ing" a  new  circuit  which  would  respond  only  to  fre- 
quencies intended  for  it,  and  which  would  give  the 
same  quality  of  speech  transmission  as  possessed  by 
the  one  to  be  abandoned. 

An  entirely  new  scheme  was  decided  upon;  a 
combination  circuit  employing  two  tuned  circuits  in- 
stead of  one.  The  result  is  shown  in  fi^.20.  The 
transmitting  and  receiving  portions  each  hsve  their 
own  tuning;  and  the  inductance  coil  of  the  receiver 
is  also  made  the  line  inductance  coil  to  absorb  the 
energy  to  be  transmitted.  In  this  way  the  received 
energy  passes  directly  into  the  receiver  circuit.  It 
was  also  found  that  shunting  the  250  volt  plate 
battery  with  a  capacity  of  about  6  microfarads  in- 
creased the  quality  of  transmission. 

Four  circuits  of  this  type  were  now  connected 
into  the  line  as  shown  in  fi!?.2I.  Each  set  was 
adjusted  to  give  the  lest  transmission,  and  the  two 
then  closed  down  together.  This  immediatly  threw 
both  out  of  adjustment,  caused  considerable  distor- 
tion of  speech,  and  brought  in  beat  tones.  To  meet 
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the  new  conditions  we  adjusted  the  40  turn  set 
until  all  beat  tones  were  cleared,  then  trought  in 
best  speech  transiriission  by  nieans  of  the  tuned  re- 
ceiver circuits,  at  the  same  time  ren-ovin?  the  teat 
tones  with  the  line  condensers.  ^/7e  then  did  the  same 
with  the  80  turn  circuits.  Thus  far,b0'h  met  all  re- 
quirements and  were  ready  to  be  tuned  for  cross- 
talk. 

The  first  trial  gave  interference  of  about  the 
same  magnitude  as  that  resulting  in  the  first  cir- 
cuit. The  80  turn  circuit  was  now  adjusted  by  means 
of  the  receiver  and  line  condensers  until  absolutely 
no  interference  whatever  cam.e  fromi  the  40  turn  set. 
The  other  80  turn  circuit  unfortunately  had  to  le 
dismantled  in  order  to  release  storage  batteries 
and  rheostates  which  i^ere  needed  for  other  tests  in 
the  laboratory. 

That  this  circuit  filled  the  recuirements ,  and 
that  a  three-circuit  multiplex  system  had  been  acc- 
omplished was,  however,  proven,  ''^ith  conversations 
goin  on  over  the  comm,on  ba^^ery  line  and  over  the 
40  turn  circuit,  the  SO  turn  circuit  could  be 
brought  in  or  out  by  adjustments  of  the  line  and  re- 
ceiver condensers. 
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Beat  tones  were  eliminated  when  this  final  settine 
was  accoDiplished  ,  and  conversation  proceeded  with 
the  quality  and  loudness  ordinarily  obtained  with 
a  common  battery  telephone".  "' 

A  wavenieter  was  no?/  placed  in  inductive  rel- 
ation to  each  of  the  circuits.  The  condition  indic- 
ated was  very  satisfactory;  for  the  two  circuits 
which  were  adjusted  for  best  transmission,  each 
showed  a  waveleno-th  of  exactly  800  meters.  The 
other  80  turn  circuit  showed  a  waveleno-th  of  2100 
meters.  These  wavelengths  are  indicative  of  fre- 
quencies of  375,000  and  143,000  cycles  respectively. 

The  diagrams  which  accompany  this  discussion 
do  not  show  the  potential  and  current  rheostates, 
meters  and  auxilliarv  equipment  necessarv  in  the 
experimental  circuits.  The  photographs  show  the 
apparatus  for  the  two  and  three  circuit  arrang-emients 
In  each  of  them  some  of  the  important  pieces  of 
a^oparatus  are  seen. 
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That  a  high  freauency  current  may  he  employ- 
ed as  well  as  a  direct  current  as  a  carrier  of 
electric  waves  of  speech  freouency  has  been  con- 
clusively shown.  It  has  ^Iso  been  demonstrated 
that  at  least  two  independent  high  freauency  cir- 
cuits may  operate  simultaneously  on  the  same  pair 
.of  wires  without  interfering  with  one  another;, and 
further,  that  hi?h  frequency  and  direct  current 
carrier  circuits  iiay  be  operated  siQiUltaneously 
without  interference.  All  of  these  results  have 
been  accomplished  by  means  of  vacuum  tube  oscil- 
lators and  receivers. 

One  of  the  difficulties  encountered  in  all  of 
the  circuits  used,  was  the  elimination  of  beat 
tones.  Wo  time  was  spent  in  investigation  the 
origin  of  these  interferences,  but  it  is  known  that 
they  are  the  result  of  the  simultaneous  exictence 
of  two  waves  which  differ  in  rate  by  an  audible 
freouency.  In  our  work  we  employed  circuits  which 
differed  by  a^  least  100,000  cvcles  at  all  times, 
and  yet  beat  tones  were  present. 
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The  answer  is  probably  in  the  explanation  of 
the  wave  form  of  the  high  freouency  current  of  the 
vacuum  tube  oscillator.  As  was  pointed  out,  the 
vacuum  tube  oscillatin?  circuit  does  not  p«enerate 
a  sinusoidal  current  wave.  Since  hif^her  harmonics 
exist  in  all  of  these  circuits  it  seems  very  pos- 
sible that  the  beat  tones  came  from  the  difference 
in  frequency  of  the  various  higher  harmor.ics.  The 
value  in  this  work,  of  a  high  freouency  generator 
of  a  sinusoidal  wave,  is  at  once  evident.  But  we 
believe  that  these  low  frequency  beats  can  be 
eliminated  by  some  circuit  arrangement;  and  that 
vacuum  tube  oscillating  circuits  may  be  employed. 
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